Background
Epilepsy is a brain disorder characterized by an enduring predisposition to epileptic seizures, as well as by the neurobiologic, cognitive, psychological, and social consequences of this condition. 1 One epidemiological survey estimated that there are ~70 million epileptic patients in the world. 2 Approximately one-third of the epileptic population has chronic temporal lobe epilepsy (cTLE), which is a common type of acquired epilepsy (AE), and accounts for 70% of refractory epilepsies. 3 The repeated attacks not only reduce quality of life, but also cause serious psychological and economic burdens. 4 Traditional antiepileptic drugs cannot fully control seizures and 40% of patients show drug resistance. 5 Therefore, the search for new effective antiepileptic medications is urgent. The pathogenesis of AE has not yet been thoroughly elucidated. In recent years, research findings have implicated that an abnormal construction and function of ion channels may contribute to cTLE. 6, 7 Voltage-gated potassium (Kv) channels are a large family of channels divided into the Kv1-Kv4 subfamilies. 8 In hippocampal CA1 pyramidal neurons, most of the subthreshold-operating somatodendritic transient outward potassium channels, those with A-type K + current (also known as I A ), are regulated by Kv-pore-forming subunits (Kv4 channels). 4, 9 These channels are involved in the regulation of back-propagating action potentials (bAPs) in neuronal somadendrites, controlling the neuronal cell excitation level and discharge frequency. [10] [11] [12] Disruptions in these important Kv4 channels may therefore result in an increased propensity to develop seizures. 13 Numerous studies have attempted to link Kv4.2, a key and principle pore-forming subunit within the Kv4 subfamily of voltage-gated potassium channels, especially in the brain, to patients with cTLE. Such patients have been shown to have dysfunctional Kv4.2, thereby increasing the susceptibility of suffering from epileptic seizures (ES). 14, 15 Different auxiliary proteins play important roles in channel trafficking and function. 16 For instance, neuronal calcium sensor-1 (NCS-1) may connect with the Kv4 channel alpha-subunits to regulate expression, 17 and Kv4.2 is a target of the ERK pathway in the induction of status epilepticus (SE). 18 Kv4.2 channel function may also be influenced by pituitary adenylate cyclase activating polypeptide and lead to the downstream activation of PKA and ERK1/2. 19 Recent research has focused on the K + channel-interacting proteins (Kchips), which can regulate the Kv4 channel by modifying its expression level and intrinsic biophysical properties. 20 Saikosaponin A (SSa) is a triterpene saponin (chemical structure shown in Figure 1A ) derived from the medicinal plant Bupleurum chinensis DC (Umbelliferae). 21 In our previous studies, we showed that SSa acts as an anticonvulsant and anti-epileptic in both the pentylenetrazole kindling model and the maximal electroshock-induced seizure model. [22] [23] [24] This effect may occur through the inhibition of glial fibrillary acidic protein expression and the activation of rat hippocampal astrocytes induced by glutamate, or otherwise by decreasing the Ca 2+ levels and the secretion of IL-6 from glutamate-activated rat hippocampal astrocytes. 25 Recent studies have shown that SSa inhibits spontaneous recurrent epileptiform discharges (SREDs) induced by applying a Mg 2+ -free solution in hippocampal neuronal cultured models of AE. It may also restrain the NMDA-evoked current and the peak current amplitude of I NaP . 26 Another study suggested that SSa may inhibit the epileptiform discharges induced by 4 action potentials (AP) and enhance I A . 27 Nevertheless, the underlying mechanisms by which SSa modulates the transient outward potassium channel and affects epileptiform activity have not been fully elucidated. In particular, its anti-epileptic effects in vivo have yet to be reported.
In the present study, we aimed to comprehensively explore the anti-epileptic capacity of SSa and its underlying anticonvulsant mechanisms in an epilepsy rat model. We used the Li-pilocarpine induced refractory epilepsy rat model of cTLE in vivo and the Mg 2+ -free hippocampal neuronal culture (HNC) model of acquired epilepsy in vitro. Spontaneous recurrent seizures (SRS) were recorded by continuous video monitoring and the seizure frequency and duration in a time frame of 3 days were recorded by authors watching the monitoring videos. Nissl's staining was used to evaluate the protection of SSa on neurons, and immunohistochemistry (IHC), Western blot (Wb) and RT-qPCR were used to quantify the expressions of Kchip1 and Kv4.2 proteins and the mRNA levels in the hippocampi CA1 region and the adjacent cortex. Whole-cell voltage-clamp recordings were used to evaluate the modulation of SSa on epileptiform discharges and Kv4.2-mediated A-type K + currents. Our findings suggest that SSa can be an effective candidate for the treatment of cTLE.
Materials and methods reagents and antibodies
Saikosaponin A (purity .98%, obtained from Shanghai Yuanye Bio-Technology Co, Ltd, Shanghai, China), was dissolved in DMSO; the final DMSO concentration did not exceed 0.1% throughout the study. Neurobasal-A medium, B27, fetal bovine serum, and horse serum were obtained from Gibco-BRL (Invitrogen Corp., San Diego, CA, USA). Recordings were performed in the presence or absence of SSa or the vehicle. Antibodies specific to Kchip1 and Kv4.2 were obtained from Abcam (Cambridge, MA, USA). Other reagents were purchased from Sigma (St Louis, MO, USA).
status epilepticus induction in vivo study
Male Wistar rats, weighing between 220 and 250 g at the beginning of the experiment (n=102), were purchased from the Southern Medical University, Guangzhou, China. The animals were housed and handled in strict accordance with the guidelines of the institutional and national Committees of Animal Use and Protection. Rats were housed at a temperature of 23°C to 25°C and a humidity of 45% to 55% in a controlled environment with a 12/12-hour modified 28 and the SE criteria were measured from the time when the animal began to present sustained behaviors or higher limbic seizures of scores IV or V, with no spontaneous recovery. [29] [30] [31] To avoid false-positive results, animals that had not reached SE or that did not spontaneously recovery were excluded from this study. The remaining 12 rats were control rats and were treated with lithium, methyl-scopolamine, and diazepam, just like the experimental rats, but with 0.9% NaCl instead of pilocarpine. During the latent period, after the acute exacerbation, the rats were injected with 5% glucose and sodium chloride (5 mL, once a day, i.p.). When rats had entered the chronic phase, drug administration started.
Drug treatments
SRS appeared in the chronic period and the behavior of the rats was continuously monitored after SE, using a digital camera with night vision (Ying Bao Intelligent Equipment Co., Ltd, Guangzhou, China). We compared the seizure counts before treatment, and during the 4 or 8 consecutive weeks of treatment. SRS rats were divided into five groups of twelve animals each: model group, valproic acid (VPA) group, low SSa (SSa-L) group, moderate SSa group (SSa-M) group, high SSa (SSa-H) group, and one control group. The rats in the model and control groups underwent intraperitoneal injections of 0.1% DMSO twice a day. In the VPA group rats received 100 mg/kg VPA twice a day by intraperitoneal injection. Rats in the low, moderate, and high SSa groups received 1.75, 2.5, and 5 mg/kg SSa twice a day through intraperitoneal injection. All treatment periods lasted 8 weeks. The drugs in the VPA, SSa-L, SSa-M, and SSa-H groups were dissolved in equal amounts of DMSO. The doses of SSa were chosen based on results from our previous experiments 27, 32, 33 and preliminary experiments. The details of drug treatment allocated can be found in Figure 1B . In addition, the weights of rats after drug treatments were also recorded.
subsequent sampling
After behavior testing, all rats were intraperitoneally injected with 10% chloral hydrate anesthesia and weighed. The whole brains were harvested from each group of rats after perfusion and fixation with 4% paraformaldehyde fluid in a 4°C refrigerator overnight. After being fixed, brains were dehydrated in 30% sucrose in PBS, then 30 µm frozen sections were cut for the Nissl staining and immunohistochemistry assays. The hippocampus from each rat was isolated on ice, in which the left side was quickly placed in liquid nitrogen to be frozen and was stored at -80°C for protein-related analysis. The right side of the hippocampus was placed in RNA protective liquid of 10 times the hippocampus volume, for the RT-qPCR assay.
nissl staining
Nissl staining was applied to observe the extent of neuron loss. At the end of the experiments, the brain tissues of six rats from each group were deeply anesthetized with thionembutal and sequentially perfused through the heart. Frozen coronal sections were then processed for Nissl staining (30 µm) using Cresyl violet.
immunohistochemistry
At the end of the experiments, the brain tissues of six rats from each group were collected to determine the levels of Kchip1 and Kv4.2, and prepared as previously described. 34 The paraffin-embedded hippocampal sections were deparaffinized, rehydrated, and pre-treated with hydrogen peroxidase in a phosphate buffer solution. Heat-induced antigen retrieval was then conducted. After blocking with the appropriate antisera, sections were incubated with anti-Kchip1 and anti-Kv4.2 (1:100 dilution). After incubation with HRPconjugated secondary antibody, tyramide amplification, and streptavidin-HRP, positive signals were visualized with a diaminobenzidine kit and counter-stained with hematoxylin.
Western blot
Wb was performed at the end of the experiments. The brain tissues of six rats from each group were collected to determine the protein levels of Kchip1 and Kv4.2. Briefly, the protein lysates were loaded onto 10% SDS-PAGE gel for separation, electrotransferred onto PVDF membranes, and blocked in 5% nonfat milk in Tris-buffered saline and Tween. The membranes were incubated overnight with anti-Kchip1, anti-Kv4.2 (1:1,000 dilution), and anti-GAPDH (ZSGB-BIO, 1:10,000) at 4°C. This procedure was followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibody. Bands were evaluated by densitometry using Molecular Imaging Software Version 5.0 (Kodak 2000MM System). The OD was normalized against that of GAPDH.
real-time reverse transcriptase Pcr
RT-PCR was performed as previously described. 35 At the end of the experiments, the brain tissues of six rats from each group were harvested for analysis. Total RNA was extracted from the brain samples using TRIzol reagent (TaKaRa Bio, Dalian, China). The reverse transcriptase reactions were performed on a Stratagene Robocycler Gradient 96 Thermal Cycler (Stratagene, San Diego, CA, USA) using a reverse transcriptase kit (TaKaRa Bio, Dalian, China) according to the manufacturer's instructions. The single-stranded cDNA was amplified through comparative quantitative real-time reverse transcriptase PCR using a SYBR green Master Mix kit (Thermo Fisher Scientific, Waltham, MA, USA) on an Mx3005 (Stratagene). 
Hippocampal cells were prepared from one-day-old postnatal Wistar rats and the culture and HNC models were established according to the protocol described in our previous studies. 26 A 3 hour exposure of Mg
2+
-free solution to cultured hippocampal neurons was employed to induce SREDs, as previously described, 36 and was followed by 24 hours of culture maintenance. SRED rats were divided into: model (0.1% DMSO), VPA (0.5 mM), SSa-L (1.25 µM), SSa-M (2.5 µM), SSa-H (5 µM), and control (0.1% DMSO) groups. The neurons in all groups were treated with different drugs for 48 hours.
Patch-clamp recordings
At the end of the experiments, we collected eight neuron cells from each group to record the discharges and currents. The solution containing the SRED electrodes was prepared as previously described. 26 The Kv4.2-mediated I A current recording method with an intracellular solution containing (in mM): 140 potassium gluconate, 0.2 EGTA, 3 MgCl 2 , 10 Hepes, 4 MgATP, and 0.5 NaGTP (pH adjusted to 7.2 with KOH). The extracellular solution contained (in mM): 130 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 1 MgSO 4 , 2 CaCl 2 , and 10 glucose, with five tetraethylammonium (TEA) and 500 tetrodotoxin (TTX), except when otherwise noted. Currents were filtered at 5 kHz and sampled at 10 kHz. The Kv4.2-mediated I A was isolated using the prepulse protocol described by subtracting the currents recorded during the depolarizing steps (Vp; from -90 to +70 mV) preceded by a 1 seconds prepulse to -40 mV from the currents obtained during the depolarizing steps preceded by a 1 seconds prepulse to -110 mV.
37,38

Data analysis
Data are presented as mean ± SD and we used SPSS (version 21) for all statistical analyses. One-way ANOVA was used and p,0.05 was considered to be statistically significant.
Results
effects of ssa on epilepsy in a li-pilocarpine-induced rat model
Clinical signs of seizure activity were observed in every pilocarpine-treated animal. All rats exhibited a well-defined pattern of behavior after treatment, such as cholinergic reactions. [39] [40] [41] A total of 95.7% of the rats experienced SE with bilateral limb clonus, rearing, and falling ~15-65 minutes after pilocarpine injection, 78.6% of which further underwent SRS, which usually occurred ~2 weeks after the initial SE. No significant differences in epilepsy behavior were found between any of the groups in the baseline ( p.0.05). After the administration of SSa (1.75, 2.5, or 5 mg/kg) for four weeks, every treatment group showed ameliorated epilepsy behaviors in Li-pilocarpine induced SRS, in a dosedependent manner. SSa (1.75, 2.5, or 5 mg/kg) treatment significantly decreased seizure frequency in pilocarpine-exposed rats (11.80±4.289, 10.50±3.240, 7.90±4.532 vs 15.70±4.498, p,0.05, Figure 1C) Figure 1D ). After SSa administration for eight weeks, seizure frequency was also reduced in the SSa groups ( Figure 1C) Figure 1D ). SSa ameliorated epilepsy behavior in a Li-pilocarpine-induced rat model. Furthermore, the weights of rats did not have significant difference before and after different drug treatments (all p.0.05; Figure 1E ). This suggested that drugs do not affect the weights of rats.
effects of ssa on neuronal loss in rat hippocampi ca1 and the adjacent cortex
Since SSa demonstrated antiepileptic activity in the pilocarpine SRS model, we used Nissl staining to analyze its neuroprotective effects in the hippocampi CA1 region and the adjacent cortex. Figure 2A and B shows neurons with a normal shape and abundant Nissl bodies in the hippocampi CA1 region and the adjacent cortex in the control group. However, the number of Nissl bodies decreased or disappeared, and cell body shrinkage was observed in the model group ( p,0.05). These effects were ameliorated after SSa administration (1.75, 2.5, or 5 mg/kg) ( p,0.05, Figure 2C ). effects of ssa on Kchip1 and Kv4.2 expression in rat hippocampi ca1 and the adjacent cortical tissues Increased excitability of the CA1 pyramidal neurons in TLE was observed due to the decreased availability of the transient outward potassium channel, mediated by Kv4.2, which is associated with seizure occurrence and progress. 42 In order to further elucidate the mechanisms behind the SSa modulation of the transient outward potassium channel and its effects on epileptiform activities, we examined the expressions of Kv4. 2 (Figures 3 and 4) . The data clearly indicate that SSa abates SRS in vivo, so the logical next step was to determine whether SSa could Figure 6A ). These results were confirmed by Wb and RT-PCR ( Figure 6B and C) .
effects of ssa on Kv4.2-mediated I a currents in the hnc model induced by Mg 2+ -free solution A previous study showed that SSa modulates I A in cultured hippocampal neurons. 27 We tested the modulatory effect of 48 hours of SSa exposure on I A in the HNC model. The typical traces of Kv4.2-mediated I A currents from each group before and after SSa administration are shown in Figure 7A Figure 7D ). Additionally, SSa produced a significant change in voltage at half-maximal activation (V 1/2 ) (23.54±1.085, 16.47±0.667, 13.42±0.947 vs 27.26±2.799, p,0.05, Figure 7E ), which suggests that SSa increased the activity of Kv4.2-mediated I A currents.
Discussion
In previous studies, SSa has been shown to have different pharmacological effects. In the halothane-induced hepatic 
Kchip1-cortex
Control M odel VPA SSa-L SSa-M SSa-H Kv4.2-cortex Control M odel VPA SSa-L SSa-M SSa-H
2953
saikosaponin a modulates remodeling of Kv4.2-mediated a-type voltage-gated potassium damage rat model, SSa protected liver cells from damage. 43 Lu et al suggested that SSa has an anti-inflammatory effect on lipopolysaccharide (LPS)-induced RAW264.7 cells, which was achieved through inhibiting the activated NF-κB signaling pathway. 44 In addition, another study determined that SSa inhibits cell activity and proliferation in human breast cancer, thereby exerting an anti-cancer effect. 45 However, although some studies have demonstrated that SSa has antiepileptic effect, 32, 33 there is still sparse research about the anti-epileptic effect of SSa on the Li-pilocarpine-induced SRS model. The Li-pilocarpine-induced SRS model is a widely used chronic intractable TLE animal model, 46 since it mimics many features of the human epileptic condition. 47, 48 It is often used to evaluate the efficacy of antiepileptic activity in rodents. This study is the first to find that SSa treatment had an antiepileptic effect by abating the frequency and duration of seizures in the pilocarpine refractory seizure model, and no deaths or other adverse events were found throughout the course of administration, suggesting that SSa is safe in rats. Similarly, SSa has been shown to inhibit neuronal loss. Most current drugs that inhibit neuronal loss do not have any antiepileptogenic effects. 49 This observation is consistent with our previous research. 50 Additionally, we used hippocampal neurons 24 hours after a 3-hour exposure to Mg 2+ -free solution in this HNC model, which produced SREDs that resembled the discharges of clinical epilepsy, 51, 52 and SSa exerted an anticonvulsant effects. Some anticonvulsants are more effective in certain seizure models than others. 53 From further studies in rat brain tissue, we found a significant reduction load of Kv4.2 which may result from decreased levels of Kchip1 during the chronic period of epilepsy both in vivo and in vitro. These decreased Kchip1 levels have been linked to seizure frequency and severity, which was found in other studies as well. 54, 55 A possible explanation for this might be that Kchip1 is prominently expressed in the CNS and may regulate Kv4.2 in a Ca 2+ -dependent manner, as well as structural or kinetic activity and the density of cell surface membrane channels. [55] [56] [57] Collectively, SSa has been shown to increase the expression of Kchip1 and Kv4.2 and, thus, to ameliorate epilepsy behavior.
Moreover, to analyze the mechanism of SSa, the Kv4.2-mediated I A currents were tested in hippocampal neurons of the HNC model. A significant downregulation of the Kv4.2-mediated I A current density was found in this study. Several reports have shown a relationship between I A and epilepsy. For instance, K + currents were abated in hippocampal CA1 pyramidal neuron dendrites in various animal seizure models. 22, 23, 58, 59 A strong relationship between Kv4.2 function and epilepsy has previously been reported. 42, 58, 59 Animal epileptic models have shown correlations between changes in I A and reductions in Kv4.2 mRNA expression with increased seizure activity. 24, 25 A marked downregulation of classical I A was observed in dentate granule cells isolated from patients with lesion-associated TLE. 60 The reduced availability of Kv4.2-mediated I A may be caused by a reduction in A-type K + channel density, altered modulation of the channel protein by phosphorylation, or both.
42 Surprisingly, SSa treatment significantly increased Kv4.2-mediated I A currents. Therefore, we tentatively suggest that SSa modulates Kv4.2-mediated I A currents by upregulating Kchip1 and Kv4.2 expressions in the chronic period of rat TLE. Unfortunately, our results lack the direct evidence to confirm the role of Kv4.2-mediated I A currents and the regulatory effects of SSa. More research in this area should to be undertaken, in order to clarify the association between ion channels and cTLE. In addition, other mechanisms behind the anti-epileptic effects of SSa require further investigation.
Conclusions
In conclusion, this study showed that decreased Kchip1 and Kv4.2 expression may result in the downregulation of Kv4.2-mediated I A currents, thus producing SRS. However, with SSa treatment, all of these symptoms were ameliorated. Therefore, we hypothesize that SSa modulates Kv4.2-mediated I A currents by upregulating Kchip1 and Kv4.2 expression in rat cTLE. This work and the previous findings from our research group reinforce the great and unexplored therapeutic potential of SSa for the treatment of cTLE.
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